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Abstract 

We propose a novel mechanism for dark energy, based on an extended seesaw for scalar 
fields, which does not require any new physics at energies below the TeV scale. A very light 
quintessence mass is usually considered to be technically unnatural, unless it is protected 
by some symmetry broken at the new very light scale. We propose that one can use an 
extended seesaw mechanism to construct technically natural models for very light fields, 
protected by SUSY softly broken above a TeV. 
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The evidence for the recent acceleration in the expansion rate of the Universe is com- 
pelhng. The effect has been probed directly using distant type la supernovae [HE], the 
most recent data coming from the ESSENCE and SuperNova Legacy Survey (SNLS) 
projects [31 II]. The finding is confirmed by precision measurements of the Cosmic Mi- 
crowave Background (CMB) by the WMAP satellite [3], as well as measurements of the 
large scale structure (LSS) from the Sloan Digital Sky Survey [6j. 

This host of different observations all point to a cosmology in which space-time is flat 
and the energy density dominated by a dark energy component with an equation of state 
close to -1. Since pde ~ ~ (10^^ eV)^ at present, the dark energy phenomenon is 
naturally associated with an energy scale of order 10~^ eV, much lower than any known 
scale in particle physics. 

The simplest way of introducing dark energy with the correct properties is to introduce 
a very small cosmological constant by hand, without addressing the origin of this small 
scale. This is unsatisfactory, and thus we would like to construct physically well motivated 
models where the new small mass scale emerges from a deeper principle that also leads to 
testable predictions for observable quantities such as the equation of state of dark energy. 

One such model is the quintessence model [3 [3 [9l [TOj where dark energy is driven 
by the slow-roll of a very light quintessence field. The effective mass has to be less than 
the inverse Hubble scale today, i.e. me// ^ ~ 10~^^ GeV for this model to work. 
Such a small mass cannot be protected from radiative corrections unless some additional 
symmetry is invoked. In the Minimal Supersymmetric Standard Model (MSSM), masses 
are protected by supersymmetry (SUSY) softly broken at the TeV scale. This implies 
that the fields generally gets radiative mass corrections of the order a TeV. 

Compared to this the quintessence mass is incredibly small and even if added by hand, 
it will not be stable against radiative corrections. In neutrino physics a similar problem 
arises because of the hierarchy between the known neutrino masses my ~ eV, and the 
TeV scale of the Higgs VEV. However, the seesaw mechanism [TTl [121 dH US] attempts 
to explain this by introducing a new set of right-handed neutrinos with Majorana masses 
of order Mqut. In that case the combined neutrino mass matrix can be diagonalised to 
contain two sets of Majorana masses of order m ~ jM and M for the left- and right- 
handed components respectively, where f ~ 1 TeV. This yields vn^^ ~ eV, the smallest 
non-vanishing mass we would naively expect to be radiative stable, when couplings to 
known particles in the standard model are taken into account. 

In the case of scalar fields one can introduce a new shift symmetry which requires 
the mass to vanish identically. By breaking the shift symmetry explicitly by a small 
parameter, /i, one can obtain a radiatively stable small effective mass. To obtain dark 
energy of the right magnitude, one needs /i ~ 10~^eV. In the pseudo Nambu-Goldstone 
Boson (pNGB) model [16] there is no explanation of where this scale is emerging from. In 
the case of the Peccei-Quinn axion, an effective [i ~ I^qcd is generated by QCD instanton 
effects, and in order to explain the origin of the low symmetry breaking scale /i ~ 10~^eV, 
in ref. [T7] it was proposed that the pNGB quintessence mass could have a similar 
dynamical origin. However, the protection of such a small scale would require symmetry 
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breaking that takes place in a hidden sector. 

Here we will consider an alternative possibility. The light neutrino mass eigenvalue in 
the usual neutrino seesaw mechanism is of order /M. However, as we show below, there 
exist extended mass matrices of higher dimensions where the smallest mass eigenvalues 
are v{v/M)"' with n > is an integer. Moreover, we present explicit mass matrices of 
higher dimensions where all the entries in the diagonal are non-zero and of order M^, but 
which nevertheless yield eigenvalues of the type v{v/M)^. This has applications to scalar 
field models, where the diagonal elements are naturally of order M and the off-diagonal 
entries can be generated by soft SUSY breaking terms of order v or larger. Requiring 
that the resulting light mass is the quintessence mass implies that, in the case of n = 5, 
the heavy mass scale of the scalars coincides roughly with the required mass scale in the 
simplest scenario of chaotic inflation, M ~ 10^^ GeV. This adds the intriguing possibihty 
that the heavy fields can also have been responsible for inflation in the early universe. 

In the present paper we present one particular example of a conflguration of 8 complex 
scalar fields which by virtue of the extended seesaw mechanism has a composite flat 
direction with properties adequate for quintessence. We also discuss the possible physical 
origin of such a mass matrix and construct one speciflc example, where the seesaw scalar 
mass matrix arises from a particular conflguration of 5-, 6-, and 7-branes embedded in a 
lOD space-time. 

The conventional two-neutrino seesaw model involves a mass matrix with one vanishing 
element in the diagonal. This is naturally achieved for fermions since chiral symmetry 
prevents them from acquiring a mass. However, the masses of scalar flelds are not in 
general protected by a similar symmetry, and we expect scalar fields to acquire masses 
at least of order v"^. If we desire to construct a seesaw mechanism for scalar fields, this 
implies that we need to go to mass matrices of higher dimension. 

First we observe that with a sufficiently large mass matrix with entries m, M where 
m « M, we can possibly have a mass eigenvalue m^/M'^. In this case we can take v 
and M = Mqut in order to obtain the desired quintessence mass scale. In this case a 
theory of the form 



with all entries niij > v protected by supersymmetry, would suffice. Naively, such a 
mass matrix would give us a lightest mass of the expected size rn^/M, but for certain 
configurations the lightest mass eigenvalue is /M^, which would then be a radiatively 
stable quintessence mass. 

Naively, this is not easy to realise in a realistic SUSY model. If the mass of the effective 
quintessence field is of the order of the inverse Hubble scale today iriq Hq, then the vev 
of the quintessence field must be Planck scale (q) ^ Mpi. This imphes that we also need 
to assume that self-couplings induced by marginal and irrelevant operators are absent in 
order to obtain a right energy density. 
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The next question is thus how to generate mass terms and mixings without gener- 
ating marginal self-coupling operators. Consider for simplicity a superpotential of chiral 
superfields, which are singlets under the SM charges, given by 



(2) 



This induces a scalar potential for the scalar components (pi of the superfields $j with 
supersymmetric mass terms of the type \dW / dcj)^^ . In addition, there are soft SUSY 
breaking terms, which we assume to have the form [rn^Y -(picj)*^ , thus effectively neglecting 
the contribution from the A-term ~ Re(74jj0j0j) for simplicity (recall that in e.g. no-scale 
supergravity Aij = 0). Thus, the scalar potential would have the generic form 
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In this model there are complex scalar fields of mass M. In order to generate 
a configuration with an m^/M^ flat direction, we need N > 7. However, in order to 
sufficiently decouple the fiat direction, it is necessary to go to = 8, as we will see 
below. 

Consider a model with 8 complex fields fields, which have masses set by some heavy 
scale near the GUT scale M ^ Mqut- Then, if we assume that a symmetry breaking 
mechanism at the GUT scale induce bilinear mixings for some of the scalars at scale M 
and also that soft SUSY breaking bilinear mixing terms are induced at the weak scale 
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we can obtain a mass matrix of the form 
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(4) 



Some of the off-diagonal elements have here been chosen to vanish. This is necessary in 
order to obtain a mass eigenvalue of the order nifiat ~ /M^ and thus an effectively light 
scalar that can act as quintessence. We have arrived at the form Eq. (jl]) by numerical 
inspection, and will discuss the physical origin of the zeros shortly. However, let us first 
note that the mass matrix Eq. (jlj) may be diagonalised by the matrix P, such that 
M.d = P^^M.P. For Eq. (jl]) we find numerically the eigenvalues as 



Ml = diag.{aiM'^, ogM^ osM^, qaM'^, a^M'^, -a^M'^, -a-^M'^, a^{m^/M^f) 
where the numerical coefficients ai, . . . , og are positive and of order one. 



(5) 
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As can be seen from Eq. ([5]), there are two negative eigenvalues which give rise to 
tachyonic instabihties unless we stabilise them with further interactions. We could try to 
add Yukawa's in the tachyonic directions, but this will in general shift the vacuum of the 
fields away from zero and lift the mass of the light field. So we need to be more careful. 
If the interaction eigenstates are 0i, . . . , 08 and the mass eigenstates are xii ■ ■ ■ iX&i then 
the mass squared eigenvalue of the mass eigenvector is order (m^/M^)^. We can write 

8 

X8 = r^i . (6) 

In the example of the 8x8 matrix above, it turns out that r2 ~ {m7 / M'^Y , which implies 
that the light direction has a very suppressed contribution from 02- Using the matrix P^^ 
we can invert this linear system and find 02 = ^iXi + • • • + t^Xn with tg ps; r2 ~ [mJ jNf )'^ . 
Thus, if we lift the potential by a term AM^(02/M)", it will remain flat in the Xs direction. 
Thus we are led to adding to the potential a non-renormalisable contribution 

AM^f^V = AM4fti^ + ... + t8^y . (7) 

\m) ^m) ^ ' 

Now, due to the negative mass eigenstates, we assume that all fields acquire a true vacuum 
expectation value of order M. The vacuum energy in the new true vacuum is order 
_\-i/{"-2)]^^4_ assume that by renormalisation we can subtract the true vaccum energy 
of the theory. The only non-zero contribution left is from the fiat direction, which is 
displaced from its true vacuum. The dominant contribution to the potential of the fiat 
X8 direction is given by 

Thus, we require tg ^ {nv' /M^Y order to suppress the contribution from the Yukawas. 
In the example above we found tg ~ 0{{'w7 / M'^Y) and the dominant contribution to the 
Xs potential is from the very light mass term - light enough to sustain quintessence. 

We have found that in models with 7 scalar fields it is impossible to achieve mixings 
smaller than [m^/M^Y which is insufficient to maintain the lightness of the flat direc- 
tion. Therefore a model with 8 complex scalar fields appears to be the simplest possible 
configuration in which the smallness of the quintessence mass can be protected against 
the Yukawa coupling used to cure the tachyonic instability. In models with 8 fields, our 
particular configuration Eq. (j4j) is not unique but there are also other possibilities for 
having mflat ~ m^/M^ and r ~ {rrJ /M'^Y- 

Given the extreme smallness of the mass along the fiat direction and its very small 
mixing one might worry about the stability against small corrections to individual ele- 
ments in the matrix. In order to understand the stability of the small eigenvalues and 
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mixings, it is useful to note that when the soft mass is taken to zero, m — 0, three discrete 
Z2 symmetries are restored: 

Sym. 1 : 02 ^ -02 

Sym. 2 : 07 ^ -07 , 08 -08 

Sym. 3 : 0i ^ -0i , 03 -03 , 04 ^ -04 , 05 ^ -05 , 06 ^ -06 , (9) 

This imphes that all the M values can be perturbed by a factor 0{1), as long as they are 
identical within each of the sub-blocks defined by the symmetries. Furthermore, all the 
m values along rows or columns within a sub-block can be perturbed by a factor of order 
unity without destabilising the hierarchy. For example, all the M elements along rows or 
columns 13456 can be changed by a factor of order unity without changing the structure 
of the eigensystem. 

Since a non-zero value for m breaks all discrete symmetries of the mass matrix, we may 
worry wether it is possible to prevent the zero entries in the mass matrix from obtaining 
values of order m. It is beyond the scope of this paper to construct a fundamental model 
that gives rise to the mass matrix Eq. (jl]), but as an example of how a mass matrix with 
the desired properties might emerge in an effective theory, let us consider the following 
scenario that makes use of branes in extra dimensions. 

Suppose that each of the complex scalar fields are each quasi- localised on each their 
respective branes, with wave functions in the extra dimensions proportional to exp{—\y — 
yi\M), where i/i denotes the location of the brane. If the complex scalars carry the same 
charge, Q, under a global U{1) symmetry 0j — >■ exp(iQa)0j, then when all the branes 
are on top of each other, this allows for bilinear mixing terms of the type {m?Yj(j)i(f)*K 
However, if the branes are geographically separated in the extra dimensions, the overlap 
of the corresponding scalar fields' wavefunctions is exponentially suppressed. This implies 
that, when the extra dimension is integrated out, the bilinear interactions of the effective 
theory are exponentially suppressed and became of the form (m^)*- exp(— Mr)0j0*-^, where 
r denotes the brane separation distance. From the point of view of the four dimensional 
low energy effective theory, when the branes are separated it appears as if there are eight 
distinct U{1) symmetries, and the flavor violating interactions that breaks the U{1) ® 
U{1) ® . . .®U{1) are exponentially suppressed, while there is no exponential suppression 
if the corresponding branes are on top of each other [T8] . 

If we assume that all the elements (m^)* are given by the scale M, the suppression of 
the bilinear interaction terms is given by M^exp(— Mr). With M Mqut, the branes 
can be taken to lie on top of each other in the directions where bilinear elements in 
the mass matrix of scale M are induced, while the branes are separated by r «i 60/M 
in the directions where bilinear elements at the soft scale m ~ f are induced. In the 
directions where there are zeros in the off-diagonal, the branes are separated by a distance 
r ^ 262/ M. If we assume that there are three brane fixed points. A, B and C, in each 
dimension, with A and B separated by r ~ 60/M and C further away separated at a 
distance r ^ 262/M, this leads to the brane configuration for eight branes in six extra 
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dimensions shown in table 1. For instance, in dimension one we will have Brane 1 and 
Brane 4 localised on top of each other at fix point A while Brane 2, 7 and 8 are localised 
on top of each other at the fixed point B. Brane 3 is localised at the fixed point C in this 
direction. The remaining branes are not localised in this direction. 
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Table 1: Brane configuration 



To summarise, we have constructed an extended quintessence mass seesaw (EQMS) 
mechanism for a radiatively stable quintessence mass. A novelty in this model is that it 
only involves new physics at the TeV scale and the GUT scale, and the light quintessence 
mass is protected by SUSY softly broken above the TeV scale. 

We also note that our configuration holds the potential for providing inflation during 
SUSY breaking at the M scale. We have available 8 potentials of the type M^0^, for 
which M ~ 10^^ — 10^^ GeV, exactly the range needed for m^0^ chaotic inflation [T^ [20]. 
The requirement is just that the true vacuum of the system is shifted to (0) = M instead 
of 0, so that the flelds slowly roll towards this value. 

As an interesting curiosity, one may note that an eight-by-eight matrix is the smallest 
which can provide the particular features that we require of the quintessence seesaw mass 
matrix, yielding small enough eigenvalues and mixings. However, to realise such a matrix 
with the type of brane conflgurations discussed in the previous section, we must require 
exactly six extra dimensions, which is also the generic prediction of string theory. 
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